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ABSTRACT 
The carrier density and temperature dependence of the Hall mobility in mono-, bi- and 
tri-layer graphene has been systematically studied. We found that as the carrier density 
increases, the mobility decreases for mono-layer graphene, while it increases for bi-
layer/tri-layer graphene. This can be explained by the different density of states in mono-
layer and bi-layer/tri-layer graphenes. In mono-layer, the mobility also decreases with 
increasing temperature primarily due to surface polar substrate phonon scattering. In bi-
layer/tri-layer graphene, on the other hand, the mobility increases with temperature 
because the field of the substrate surface phonons is effectively screened by the 
additional graphene layer(s) and the mobility is dominated by Coulomb scattering.  
 
We also find that the temperature dependence of the Hall coefficient in mono-, bi- and 
tri-layer graphene can be explained by the formation of electron and hole puddles in 
graphene. This model also explains the temperature dependence of the minimum 
conductance of mono-, bi- and tri-layer graphene. The electrostatic potential variations 
across the different graphene samples are extracted.   
I. INTRODUCTION 
In the past few decades, the semiconductor industry has grown rapidly by offering every 
year higher function per cost. The major driving force of this performance increase is 
device scaling. However, scaling is becoming more and more difficult and costly as it 
approaches its scientific and technological limits. An alternative path for future 
development is needed. Some innovations use new computational state variables, such as 
spins or magnetic flux instead of charges [ref. 1, 2]. Other approaches adopt new materials 
such as carbon nanotubes and graphene to replace silicon [ref. 3]. In 2004, single atomic 
layer graphene was first produced by mechanical exfoliation [ref. 4 ]. This enabled 
researchers to access and to study this promising material. 
 
Graphene is a 2D material containing carbon atoms tightly bonded together in a 
honeycomb arrangement [ref. 3]. The dispersion relation for mono-layer graphene is linear, 
F FE v k= h , with a Fermi velocity smVF 610= . Mono-layer graphene has zero band gap 
and zero effective mass. Bi-layer graphene, on the other hand, has a parabolic band 
structure with an effective mass m*BG=0.037m0[ref. 5 ], determined by the inter-layer 
coupling. The band gap in bi-layer graphene can be varied by means of an external 
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perpendicular field [ref. 6, 7, 8]. Tri-layer graphene has a similar dispersion relation as bi-
layer graphene with parabolic bands, except that the effective mass is larger 
m*TL=0.052m0 [ref. 5]. Recently it was proposed that tri-layer graphene is semi-metallic 
with a tunable band overlap [ref. 9]. 
 
The key property of interest in graphene for electronic applications is the fast electronic 
transport expressed by its high carrier mobility. Suspended mono-layer graphene has 
been shown to have extremely high mobilities (up to 200,000 cm2/Vs) [ref.10], however, 
this value is strongly reduced in the supported structure by impurity and phonon 
scattering [ref.11,12,13,14]. Since mono-layer graphene has no band-gap, it is not directly 
suitable for digital electronics, but is very promising for analog, high frequency (RF) 
applications [ref.15] and interconnects [ref.16, 17]. Transport in bi-layer and trilayer graphene 
has been studied less extensively. Because of their different band-structures and 
screening properties, the contributions of the various scattering mechanisms are expected 
to change in these layers and different electronic applications are possible. For example, 
bi-layer graphene could at high fields develop a significant band-gap to be employed in 
digital electronics [ref.8]. 
 
Here we present a systematic study of the Hall carrier mobilities and their temperature 
dependence for mono-, bi- and tri-layer graphenes in order to determine the importance 
of the different scattering mechanisms in limiting these mobilities at technologically 
relevant carrier densities. We also use Hall-effect measurements to determine the 
electrostatic potential variations in the graphene layers at low carrier densities. 
II. EXPERIMENT 
The graphene layers were deposited through mechanical exfoliation of graphite on a 
300nm SiO2 film grown on a silicon substrate. The number of layers deposited was 
determined by the changes in the reflectance of green light [ref. 9, 18 ] and by Raman 
spectroscopy (see Appendix). The Hall-bar geometry was fabricated using oxygen 
plasma, while the electrodes were made of Ti/Pd/Au. The Si-substrate itself was used as a 
back gate. The magnetic field was +/- 2Tesla and the samples were measured in high 
vacuum in the temperature range of 4.2K to 350K. The carrier density ns was extracted 
from the Hall voltage VH: /s Hn IB q V= , where I is current, B is the magnetic field, and 
q is the electron charge. The Hall mobility was extracted using the relation: /xx sqnµ σ= , 
where xxσ is the four-probe conductivity along the current direction. 
III. MOBILITY AND CARRIER SCATTERING  
The mobility and scattering mechanism in mono-layer graphene has been studied both 
experimentally [ref. 11, 19,20] and theoretically considering Coulomb scattering [ref.21,22] , 
short-range scattering [ref.12], phonon scattering by graphene phonons [ref. 13, 23], substrate 
surface phonon scattering [ref. 24], mid-gap states[ref.25], and roughness [ref.14]. There are 
some reports on mobility extracted from two terminal measurements on bi-layer [ref. 26] 
and tri-layer graphene [ref.9]. However, the temperature dependence of Hall mobility and 
the scattering mechanisms for bi-layer and tri-layer graphene has not been systematically 
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established yet. In this section, we will discuss the temperature dependence of Hall 
mobility for bi-layer and tri-layer graphene and compare it with mono-layer graphene.  
 
Figure 1 shows the carrier density dependence of the mobility at various temperatures 
(from 4.2K to 350K) for mono-layer, bi-layer and tri-layer graphene, respectively. We 
see that, as the carrier density increases, the mobility decreases for mono-layer graphene, 
while it increases for bi-layer and tri-layer graphene.  
 
The temperature dependence of the hole mobility at various carrier densities for these 
layers is shown in Figures 2a,b,c. We observe that the mobility decreases with 
temperature for mono-layer graphene, especially when the temperature is above ~200K, 
while it increases with temperature for bi-layer and tri-layer graphenes.  
 
These different trends of the carrier mobility in mono-layer and bi-layer/tri-layer 
graphenes can be understood by differences in their density-of-states and the additional 
screening of the field of substrate surface phonons in bi-layer/tri-layer graphenes. A 
detailed analysis is given below. 
 
A. Carrier density dependence of the mobility at low temperatures 
At low temperatures, the dominant scattering mechanism is impurity scattering which 
includes Coulomb scattering and short-range scattering 111 −−− +≈ srctotal µµµ  [ref. 12]. The 
scattering time for Coulomb and short-range scattering can be expressed as [ref. 12]: 
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At low temperatures, the energy averaging of the scattering time is ( )Fτ τ ε〈 〉 ≈ .The 
matrix element is given by 
q
edqV κ
π 22),( =  for Coulomb scattering, if we assume the 
scattering charge centers are at the SiO2-graphene interface, while it is constant for short-
range scattering [ref. 12]. 
 
The density-of-states ( ( )FD E ) in mono-layer graphene is proportional to EF
 [ref.22]:  
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while in bi-layer or tri-layer graphene it is constant: [ref.22]  
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Here the Fermi energy nk ∝∝FE  for mono-layer [ref. 12], while nk ∝∝ 2FE  for bi-
layer or tri-layer graphene. Note that in the Boltzmann treatment the mobility is related to 
the scattering time as
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For mono-layer graphene, the mobility limited by Coulomb scattering was found to be 
independent of carrier density, _ constantc SLµ ∝ , and the mobility limited by short-range 
scattering was found to be inversely proportional to the carrier density for mono-layer, 
_ 1/sr SL nµ ∝ [ref.12]. 
 
For bi- and tri-layer graphene, based on equation (1,2,4), we find that the mobility limited 
by Coulomb scattering is proportional to the carrier density, nMLc ∝_µ , while the 
mobility limited by short-range scattering is constant: _ constantsr MLµ ∝ . These 
considerations explain why the mobility at 4.2K for mono-layer graphene decreases with 
increasing carrier density, while it increases with increasing carrier density for bi- and tri-
layer graphene, as shown in Figures 1 (a)-(c). 
 
B. Temperature dependence of mobility 
The mobility in mono-layer graphene decreases rapidly with increasing temperature when 
the temperature is above about 200K (see Figure 2). This is primarily due to scattering by 
thermally-excited surface phonons of the SiO2 substrate [ref. 11, 24, 27]. The SiO2 optical 
phonons at the substrate/graphene interface modulate the polarizability which produces 
an electric field that couples to the carriers in graphene. The coupling or the field depends 
exponentially on the substrate graphene distance. At the Van der Waals distance of about 
3.5 A it is much stronger than the coupling of the carriers to the acoustic phonons of 
graphene. There are two important surface phonons in SiO2 with energies of about 
59meV and 155meV [ref.24,28] and the coupling is determined by the dielectric polarization 
field:
so
0
1 1P
1 1ω ε ε∞
⎛ ⎞∝ −⎜ ⎟+ +⎝ ⎠
r
h  where ωso is a surface optical phonon frequency, ε0 
and ε∞ are the low- and high-frequency dielectric constants of SiO2 correspondingly, and 
the dielectric constant of air is one. The surface polar phonon scattering is proportional to 
the phonon population number such that the scattering time can be expressed 
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τ − ∝ −∑ h , where for SiO2 the ratio of 2 1 6.5c c ≈  [ref.24] is determined by the 
dielectric constants in SiO2. Thus, as the temperature is increased, the mobility is 
expected to decrease drastically. For bi- and tri-layer graphene, however, the mobility 
increases instead of decreasing as the temperature increases. This is due to the fact that 
the substrate surface phonon induced field is effectively screened by the additional 
graphene layer(s). This makes bi- and tri-layer graphenes very promising as high mobility 
materials for electronics. 
 
In bi- and tri-layer graphene samples, the temperature dependence of mobility is mainly 
determined by Coulomb scattering. Due to the parabolic band structure, the energy 
averaging of the Coulomb scattering time can result in the mobility increasing 
proportionally to temperature: TkB∝µ [ref.29]. The dielectric screening, which we ignored 
in the above analysis, could also introduce an additional temperature dependence. For 
mono-layer, however, it was found that the temperature dependence of Coulomb 
scattering is very weak, when FB ETk <<  [ref. 21], which is the temperature and carrier 
density range we are investigating here.  
 
The temperature dependence of the mobility limited by short-range scattering is 
independent of temperature for bi-layer and tri-layer graphene, since the density-of-states, 
the matrix element and the screening function are all energy independent. In mono-layer 
graphene, the temperature dependence of conductivity or mobility that is limited by 
short-range scattering is nearly constant, when FB ETk <<  [ref.22]. On the other hand, the 
mobility limited by the graphene acoustic phonons in mono-layer graphene is inversely 
proportional to temperature [ref.30]. However, since the magnitude of the mobility limited 
by graphene phonon scattering is of the order of 105 cm2/V-s [ref. 13], i.e. much larger than 
the mobilities limited by the other three scattering mechanisms discussed above, it can be 
neglected. 
 
Based on the above discussion, we fit the measured carrier mobilities using the following 
model for mono-layer and bi- or tri-layer graphene. 
 
For mono-layer graphene, at 4.2K, the mobility can be expressed as: 
111
2.4
−−− +≈ srcK µµµ , where cc S=µ and n
Ssr
sr =µ with Sc, Ssr, as fitting parameters 
determined by the Coulomb and short-range scattering respectively. At high temperatures, 
the mobility can be expressed as:  
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αµ  with Sgr , Sox , and 
α as fitting parameters determined by the graphene acoustic phonon and substrate surface 
polar phonon scattering respectively. 
 
For bi- and tri-layer graphene, the mobility can be expressed as:  
 6
111 −−− +≈ src µµµ          (6) 
where we find nTBAc ⋅⋅+= )(µ  and Csr =µ  with A, B and C are fitting parameters. 
 
The fitting results for mono-, bi- and tri-layer graphenes are shown in Figures 1 (a)-(c) 
and 2 (a)-(c). The symbols are the measured data and the lines are the fits. We see that 
these formulae fit the measured data very well. 
 
One important point is that the mobility limited by Coulomb and short-range scattering 
for bi-layer/tri-layers is inversely proportional to the square of the effective mass, 2* )(m . 
This means the more graphene layers, the heavier the effective mass, leading to a higher 
degradation of the mobility limited by Coulomb and short-range scattering for the same 
impurity concentration. This is currently a disadvantage for multi-layer graphenes.  
However, when the impurity concentration of the samples and the substrate are 
significantly reduced by process optimization and since the surface phonon scattering in 
bi- or tri-layer graphene is largely screened, the mobility for bi- and tri-layer graphene 
can be significantly higher at room temperature in unsuspended devices. Note that 
graphite has the highest mobility reported so far [ref.31], although it can not be switched off. 
In addition, electrical noise, which is very important in electronic applications, is 
significantly reduced in bi- and tri-layers [ref.32].  
IV. HALL COEFFICIENT 
 
Besides the Hall mobility, another important aspect of the current transport is the carrier 
density ns, which is determined by the electronic structure and can be extracted from the 
Hall coefficient RH ( s
H
1n
qR
= , when only one type of carrier is dominant). The Hall 
coefficient is defined as /H H HR V I B= , where VH is the measured Hall voltage, IH is the 
constant current source and B is the applied magnetic field. To investigate the 
temperature dependence of carrier density, the temperature dependence of Hall 
coefficient is analyzed. 
 
Figure 3 (a) to (c) shows the Hall coefficient  as a function of the back-gate voltage, VBG-
VDirac , at various temperatures (from 4.2K to 350K) for mono-layer, bi-layer and tri-layer 
graphene, respectively. As the temperature is increased, the height of the peak is reduced 
(or the slope of HR  vs. Vg decreases) for all graphene layers.  
 
This could be explained by either band overlap or by the formation of electron and hole 
puddles in graphene near the Dirac point. However, no band overlap is expected in mono-
layer and in bi-layer graphene, therefore we suggest that puddle formation is the 
dominant mechanism for the observed temperature dependence. The electron and hole 
puddles were previously observed in scanning tunneling spectroscopy measurements [ref. 
33, 34]. The formation of electron and hole puddles was attributed to the intrinsic ripples  
[ref. 16, 35 , 36 ] in graphene and extrinsic charge-induced inhomogeneites in the carrier 
density[ref.33, 37]. 
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The ambipolar Hall coefficient is given by [ref. 38]:  
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The gate voltage is related to the carrier density by following equation [ref.39]: 
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where Cox is the oxide capacitance and Cq is the quantum capacitance. For mono-layer 
graphene, the quantum capacitance is
2
q 2 2
F
2EeC
vπ= h , where vF is the Fermi velocity. For bi-
layer and tri-layer graphene, 2
2*2
hπ
emCq = , where m* is the effective mass. For a 300 nm 
SiO2, the quantum capacitance Cq >> Cox when carrier density is larger than 2x1011cm-2 
for mono-layer graphene and Cq >> Cox at any carrier density for bi- and tri-layer.  
Therefore, equation (8) can be reduced to q(ne-nh)=CoxVg.  For large gate voltages, when 
only one type of carriers is present, Eq.(7) reduces to 
gox
H VC
R 1−= , which is used to 
determine the gate oxide capacitance for the electron and hole branches. In the vicinity of 
the Dirac (mid-gap) point, which we define as the point where RH=0, we assume that the 
hole and electron carrier density are equal to each other, i.e. ne=nh=nDirac/2, where nDirac is 
the total carrier density at the Dirac point. 
 
For mono-layer graphene, at low carrier density, since the dominant scattering is 
Coulomb scattering µc , which is independent of carrier density and the measured 
electron and hole mobilities are roughly equal to those at high carrier density, we can 
assume µe=µh near Dirac point, and Eq. (7) reduces to:  
 
2
dirac
gox
H qn
VC
qR ≈           (9) 
 
For bi-layer and tri-layer graphene, the mobility limited by Coulomb scattering is 
proportional to carrier density (µc∝n) and the total mobility µtotallµc, therefore equation 
(7) is reduced to: 
2
3 ox g
H
Dirac
C V
qR
qn
≈          (10) 
 
If we assume that the area of the hole and electron puddles is equal in size and simplify 
the spatial electrostatic potential to a step function with the characteristic peak to peak 
height of +/-∆, as illustrated in figure 4, then the total carrier density at the Dirac point is: 
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For mono-layer graphene, in the limit ∆/kT>>1 equation (11) can be simplified as:  
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For bi-layer and tri-layer, from equation (4) and (11), we obtain:  
)]/exp(1ln()/exp(1[ln(2 2
*
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We can extract the electrostatic potential ∆ using equation (9) and (12) for mono-layer 
graphene and equation (10) and (13) for bi- and tri-layer graphene. Figure 5 shows the 
fitting for mono-, bi- and tri- layer graphene. From the fitting, we get vF=1.3 x 106 m/s 
and ∆=54 meV for mono-layer graphene, m*=0.063, ∆ =31 meV for bi-layer graphene 
and m*=0.082 and ∆ =43 meV for tri-layer graphene. These results are consistent with the 
scanning tunneling spectroscopy measurements on mono-layer graphene [ref. 33], which 
reported a maximum variation of the Dirac point by ∆max = 77 meV.  
 
Note that another possible cause of the temperature dependence of the Hall coefficient is 
band overlap. It was proposed that the bi-layer graphene is a semi-metal with band 
overlap based on the RH vs Vg results and temperature dependence of minimum 
conductance [ref.9]. However, if we use the band overlap model, we will obtain a band- 
overlap larger than 40meV in all three cases: mono-layer, bi-layer and tri-layer graphene. 
Note that we only applied a back-gate voltage and the data region used for fitting is the 
region near the Dirac point (in-between two RH peaks, i.e. the mixed carrier region only). 
The perpendicular field is nearly zero. At this field, both mono-layer and bi-layer 
graphenes are known to be zero band-gap materials [ref.8]. Therefore, it is very unlikely 
that this temperature dependence of the Hall coefficient is due to band overlap. We think 
this temperature dependence of the Hall coefficient near the Dirac point is most likely 
due to the electron-hole puddles formation. This finding cast doubt on the proposed value 
of the band overlap in tri-layer graphene [ref. 9]. It is clear that local probes like STS are 
needed to resolve this issue.   
 
It should also be mentioned that the carrier density at Dirac point nDirac increases with 
increasing number of layers at a given temperature, as revealed in Figure 5. This is 
because the density-of-states near the Dirac point increases with increasing number of 
layers, as illustrated in the inset of Figure 5. Since the “on” state carrier density non ≈(Vg-
VDirac)Cox/q is independent of the number of graphene layers, the carrier density on/off 
ratio (non/ nDirac) will decrease with the number of graphene layers. This is one important 
factor driving the reduction of the current on/off ratio (
Dirac
on
Dirac
on
off
on
n
n
I
I
µ
µ= ) as the number 
of layers of graphene increases and restricts the upper limit of the maximum number of 
graphene layers to be used for a given on/off ratio requirement. 
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V. MINIMUM CONDUCTANCE 
Based on the temperature dependence of mobility and carrier density discussed in the 
previous two sections, now we can use those models to explain the temperature 
dependence of minimum conductance. 
 
The minimum conductances as a function of temperature for mono-layer, bi- and tri-layer 
graphene are shown in the Figure 6. As the temperature increases, the minimum 
conductance increases dramatically for bi-layer and tri-layer graphene, while it is nearly 
unchanged for mono-layer graphene. This can be explained by the temperature 
dependence of the carrier density and temperature dependence of the mobility. 
 
For mono-layer graphene, the carrier density at the Dirac point is proportional to T2 
according to equation (12), while the mobility decreases with temperature due to phonon 
scattering. As a result, the conductance µσ en= is very weakly temperature dependent.  
 
For bi-layer and tri-layer graphene, however, both the carrier density and the mobility 
increase with temperature, as shown in equation (13) and (6). Assuming 
that )( TBAn eeee ⋅+=µ  and )( TBAn hhhh ⋅+=µ , the conductance can be written in the 
form:   
)*1()]1ln()1[ln(*)( 2)/()/(2 TreeTPT TkTk BB ++++= ∆−∆σ     (14) 
where ∆ and P are fitting parameters. The parameter )/()( hehe AABBr ++=  , where A 
and B were extracted previously from the Hall mobility fitting, assuming the temperature 
dependence of mobility at the Dirac point is similar to the one at higher carrier density. 
The insets in Figures 6 (b) and (c) show the measured minimum conductance as a 
function of temperature and fitting results. The red lines are fits considering the 
temperature of carrier density only, while the green lines are fits considering the 
temperature dependence of both carrier density and mobility. As we can see, the fitting is 
better when we consider the temperature dependence of both carrier density and mobility. 
From these fits (including the density dependence of mobility) we obtain ∆=26meV and 
m*=0.045 for bi-layer and ∆=36meV and m*=0.066 for tri-layer graphene. These results 
are consistent with the results extracted above from the RH fitting. 
VI. SUMMARY  
We have performed systematic studies of the transport properties and carrier scattering 
mechanisms in mono-, bi- and tri-layer graphenes as a function of carrier density and 
temperature using Hall-effect measurements. We found that as the carrier density 
increases, the mobility decreases for mono-layer graphene, while it increases for bi-layer 
and tri-layer graphene. This can be ascribed to the different density-of-states for mono-
layer and bi-layer/tri-layer graphenes. As the temperature increases, we find that the 
mobility decreases for mono-layer graphene due to the surface polar substrate scattering 
as in ref. [11], while it increases almost linearly with temperature (see Eq. (6)) for bi-
layer/tri-layer graphene. This is attributed to the fact that Coulomb scattering decreases 
with temperature for bi-layer/tri-layer graphene due to their parabolic band structure and 
screening. Furthermore, scattering by the SiO2 polar substrate surface phonons is 
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effectively screened in bi-layer/tri-layer. We also found that the temperature dependence 
of the Hall coefficient in mono-, bi- and tri-layer graphene can be explained by the 
formation of electron and hole puddles in the graphene. This model also explains the 
temperature dependence of the minimum conductance of mono-, bi- and tri-layer 
graphene. The variation of the electrostatic potential along the surface and the effective 
masses for bi- and tri-layer graphenes are extracted from these measurements.  
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APPENDIX 
The number of layers in the graphene samples was determined by the green light 
reflectance shift and the Raman spectrum. The green light reflectance shift method is 
based on the optical contrast between graphene and the SiO2 substrate. This has been 
demonstrated to be an efficient and reliable method to determine the number of graphene 
layers [ref.18, 9]. The green light reflectance shift is defined as GRS=(Gs-Gf)/Gs, where Gf  
is the green-channel component of the RGB value on the flake and Gs is the 
corresponding value on the substrate. Figure 7 (a) shows the green light reflectance shift 
for mono-layer, bi-layer and tri-layer graphene. The average shifts for mono-layer, bi-
layer and tri-layer graphene are GRSMG=0.053, GRSBG=0.097, GRSTG=0.134, 
respectively. The red, green and blue dots are the flakes measured by Raman scattering as 
well. The Raman spectrum is shown in Figure 7 (b). While it is difficult to differentiate 
between bi-layer and tri-layer graphene from the Raman spectra alone, the mono-layer 
graphene stands out with a large G-prime to G ratio in agreement with the green light 
shift method. [ref. 40] 
 11
FIGURE CAPTION 
FIG. 1: Hall mobility as a function of carrier density at temperatures from 4.2K to 350K 
in (a) mono-layer graphene, (b) bi-layer graphene and (c) tri-layer graphene. The symbols 
are the measured data, the lines are fits. 
 
FIG. 2: Hall mobility for holes as a function of temperature at various carrier densities in 
(a) mono-layer graphene, (b) bi-layer graphene and (c) tri-layer graphene. The symbols 
are the measured data, the lines are fits. 
 
FIG. 3: Hall coefficient as a function of VBG-VDirac in (a) mono-layer graphene, (b) bi-
layer graphene and (c) tri-layer graphene.  
 
FIG. 4: Illustration of the spatial inhomogeneity of the electrostatic potential and the model 
used in the analysis of the potential variation for mono-layer, bi-layer and tri-layer graphene. 
 
FIG. 5: Carrier density at the Dirac point extracted from the Hall coefficient as a function 
of temperature in single-, bi- and tri-layer graphene. The symbols are the measured data, 
the lines are fits using equation (12) for mono-layer graphene and equation (13) for bi-
layer and tri-layer graphene.The inset illustrates the density-of-states for single-, bi- and 
tri-layer graphene. 
 
FIG. 6: Minimum conductance as a function of temperature for (a) mono-layer, (b) bi-
layer and (c) tri-layer graphene. The symbols are the measured data. In (b) and (c), the 
red lines are fits that consider only the temperature dependence of the carrier density 
nDirac(T) using equation (13), while the green line fits takes into account the temperature 
dependence of both carrier density and mobility nDirac(T)µ(T) using equation (14).   
 
FIG. 7: (a) Green light reflectance shift, (b) Raman spectrum of mono-layer, bi-layer, tri-
layer graphenes. The red, green and blue dots in (a) are the flakes measured with Raman as 
shown in (b). The Raman spectra are offset for clarity. The inset in (b) shows the zoomed-in 
spectrum of the G-prime band, scaled to the maximum intensity value. 
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FIG. 1: Hall mobility as a function of carrier density at temperatures from 4.2K to 
350K in (a) mono-layer graphene, (b) bi-layer graphene and (c) tri-layer graphene. 
The symbols are the measured data, the lines are fits.  
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FIG. 2: Hall mobility for holes as a function of temperature at various carrier densities in (a) 
mono-layer graphene, (b) bi-layer graphene and (c) tri-layer graphene. The symbols are the 
measured data, the lines are fits.  
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FIG. 3: Hall coefficient as a function of VBG-VDirac in (a) mono-layer graphene, (b) bi-
layer graphene and (c) tri-layer graphene.  
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FIG. 4: Illustration of the spatial inhomogeneity of the electrostatic potential and the model 
used in the analysis of the potential variation for mono-layer, bi-layer and tri-layer 
graphene. 
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FIG. 5: Carrier density at the Dirac point extracted from the Hall coefficient as a function of 
temperature in single-, bi- and tri-layer graphene. The symbols are the measured data, the 
lines are fits using equation (12) for mono-layer graphene and equation (13) for bi-layer and 
tri-layer graphene.The inset illustrates the density-of-states for single-, bi- and tri-layer 
graphene. 
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FIG. 6: Minimum conductance as a function of temperature for (a) mono-layer, (b) bi-
layer and (c) tri-layer graphene. The symbols are the measured data. In (b) and (c), the 
red lines are fits that consider only the temperature dependence of the carrier density 
nDirac(T) using equation (13), while the green line fits takes into account the temperature 
dependence of both carrier density and mobility nDirac(T)µ(T) using equation (14).  
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FIG. 7: (a) Green light reflectance shift, (b) Raman spectrum of mono-layer, bi-layer, tri-layer 
graphenes. The red, green and blue dots in (a) are the flakes measured with Raman as shown in (b). 
The Raman spectra are offset for clarity. The inset in (b) shows the zoomed-in spectrum of the G-
prime band, scaled to the maximum intensity value.  
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